Three different reaction models are discussed which describe the oxygen exchange reaction at the Au,O,(g)/yttria stabilized zirconia interface. The first model assumes the charge transfer process to be rate determining.
Introduction
Yttria stabilized zirconia is used as an oxygen ion conducting solid electrolyte in applications like oxygen sensors, oxygen pumps and fuel cells [I] . In all those devices an exchange occurs between oxygen from the gas phase and the oxygen ions in the solid electrolyte. The rate of this exchange reaction determines partly the response time of YSZ based oxygen sensors, it determines the rate at which oxygen can be transported through an oxygen pump and when the ohmic losses in a fuel cell are low enough it determines the efficiency of a fuel cell.
The exchange of oxygen between the gas and the electrolyte can be described with the following overall reaction: 0, + 2 v; -+ 4 e-Q 2 0:
(
where, in KrGger-Vink notation, V," is an oxygen vacancy and 0, ' is a normal 02-ion in the YSZ lattice. This overall reaction can be decomposed into at least three successive steps: a) adsorption, b) diffusion, c) charge transfer. Before any charge transfer can take place oxygen is adsorbed either on the noble metal surface or on the surface of the solid electrolyte. The adsorbed oxygen diffuses towards the electrochemical reaction sites at the three phase boundary between the solid electrolyte, the noble metal electrode and the gas phase or towards the reaction sites at the interface between the noble metal electrode and the solid electrolyte. At those sites, the charge transfer towards the adsorbed oxygen species is presumed to take place. When the solid electrolyte surface is mixed conducting, i.e. exhibiting both ionic and electronic conductivity, the oxide surface itself can be active in the charge transfer process and the role of the metal may be that of a current collector.
In literature three types of reaction models can be distinguished which describe the oxygen exchange reaction.
The first model assumes t&t transfer at the noble metal electrode is rate [2-41.
The second model assumes a between charge transfer and mass transport the charge determining competition of adsorbed oxygen species along the interface between the noble metal electrode and the solid electrolyte [S-9] . The third model assumes that the rate of charge transier across the electrode/solid electrolyte interface is infinitely fast and that either adsorptionidesorption of oxygen at the three phase boundary or diffusion of oxygen species towards the three phase boundary is rate determining [3,10-121. In this paper our interest is focused on the consequences of these models for the expressions of the steady state current voltage characteristic and the electrode impedance.
This evaluation of the reaction models is made in order to obtain a theoretical background for the discussion of experimental results obtained Apparent Tafel behaviour has been observed in those measurements in combination with inductive loops in the impedance diagram during cathodic and anodic polarisation.
Especially the origin of inductive loops in the impedance diagram is discussed in some detail. Au electrodes were chosen in this study as gold is considered to be inactive in reaction (1). Thus the influence of the metal can be minimized. [18] ). In studies of the oxygen exchange reaction the main emphasis has been on the different Tafel slopes and oxygen partial pressure dependencies of the equilibrium exchange current density (I,,) predicted by the selected reaction model.
Reaction Models
Little attention has been paid to the effect of the adsorbed intermediates in the selected reaction model on the electrode impedance.
The following hypothetical mechanism for the oxygen transfer at the Au,O,(g)/stabilized zirconia interface is chosen in order to illustrate the calculation method of the steady state current-overpotential curve and the electrode impedance: (24 Oxygen adsorbs dissociatively at an adsorption site (-ad).
In each of the following steps one electron IS transferred to the adsorbed oxygen atom, which is I?nally incorporated by means of an oxygen vacancy 111 the stabilized zirconia lattice.
The surface diffusion of the adsorbed oxygen species is assumed to bc infinitely fast. This is one of the reaction models that explains inductive effects at the electrode. Those inductive effects are experimentally observed at low frcqucncics in the impedance diagram during both anodic and cathodic polarisation.
The reaction scheme given above can be translated into a series of mathematical expressions using some hypotheses.
The main hypotheses concern the potential dependence of the reaction rate constants and an adsorption isotherm law.
This calculation method has often been applied in aqueous electrochemistry [ 19-771. It is assumed that the potential (1:) dependence of the reaction rate constants is given by the so called Tafcl-law [23] :
k =k:):exp((l-B )n FEIRT) <?I I I (-I) whcrc p, is the symmetry coefticicnt which is in the range: O<p,< 1 and n, is the number of clcctrons transferred in the reaction step i. All reaction steps arc assumed to proceed reversibly. What can happen in one direction can also happen in the opposite direction.
The intermediate oxygen species O,, and Oid occupy the fractions 0, and 0, of the reaction sites, respectively. The adsorption-desorption is assumed to follow a Langmuir-type isotherm-law. Although this adsorption model may be too simple, it makes the derivation of the impedance and polarisation relation easier to handle and it allows direct comparison with other models that are also based on the Langmuir isotherm-law [7, 8] . fraction of coverage of the O,, species is reasonably constant, the fraction of coverage of O;, is strongly potential dependent. This potential dependence is very important for the electrode impedance, as is discussed in section 2.1.2.1. The faradaic current density is expressed as:
where A is the electrode surface area. Thus the steady state polarization curve can be calculated by substituting the steady state values of the fraction of coverage of the adsorbed intermediate species and using suitable values for c, 4"' and &. The potential dependence of the reaction rate constants is given by the eqs (3) and (4).
Under equilibrium conditions the net faradaic current (eq. 8) is zero. The corresponding equilibrium potential is given by the following expression:
which is simply an equation of the Nemst form [22] . In this study the equilibrium potential which develops at a temperature of 763 "C and an oxygen partial pressure of PO*=1 atm is arbitrarily set equal to zero. Figure 2b shows the corresponding Tafel-plots. The simulated current-overpotential characteristic was obtained by choosing six rate constants in the reaction mechanism of eq. (2a-c), for which the values are given in table 1. The potential dependence of the faradaic current density is insensitive to the adsorption and desorption rate constants (kd, bcs) as this reaction step (2a) has been chosen not to be rate determining. By choosing a certain value for the adsorption and Table 2 Influence of the choice of the rate determining step in eq. desorption rate constants, the fraction of coverage of O,, and the current density at the electrode could be controlled.
The reaction rate constants of step (2b) and (2~) were chosen so that reaction step (2b) was rate determining.
Although the cathodic part of the measured polarisation curve is simulated fairly well, serious deviations occur at anodic overpotentials. This simulation could be improved by taking other values 01 the rate constants, but this resulted in a poor simulation of the electrode impedance (discussed in section 2.1.2.).
An alternative way for improving the computer simulation of the anodic part of the current-overpotential characteristic was to add an additional step to the reaction mechanism (given in the eq. 2a-c): k 0, + vd' + 3e-8 06 + k 0, 03 (12) This reaction step is meant as a special adsorption/desorption reaction and improved the simulation of both the experimentally observed currentoverpotential curve and electrode impedance considerably.
Reaction (12), however, should not be taken as an elementary charge transfer reaction as the simultaneous transfer of three electrons is physically unlikely.
Hence reactian (12) indicates a different mechanism for the oxygen evolution reaction parallel to the the reactions (2a-c), and will be composed of several other reaction steps. Although an improved fit to the current-overpotential curve was obtained the PQ dependence of the equilibrium exchange current density (m=0.29) was smaller than experimentally observed (m=0.60+0.02).
In general it can be concluded that if a charge transfer process is rate determining, then Butler-Volmer type current voltage characteristics are obtained. The current density at the electrode depends exponentially on the applied overpotential.
Electrochemical impedance

Adsorbed intermediates
When a sinusoidal perturbation of small amplitude, AE.exp(jwt), is added to the applied potential difference E, the corresponding current, AI.exp(jwt), is modulated in sinusoidally around its steady state value I,, where j'=-1.
Expanding eq. (8) 
ore,
In the eqs (13), (16) and (17) AI'B, is the amplitude of the modulation of the fraction of coverage of the adsorbed species i around its steady state value, (I'e,) such that:
Expressions for AI'B,/AI, in the eqs (16) and (17) are obtained by linearizing the eqs (5) and (6), which describe the mass balance at the electrode:
and:
AE+ Substitution of the expressions for ArtI, and AI'B, from the eqs (19) and (20) The charge transfer resistance in eq. (14) describes the faradaic impedance assuming that the fraction of coverage of the adsorbed oxygen species is constant. Z,, and Z,, are additional impedances due to changes of the fraction of coverage of the adsorbed oxygen species when the electrode potential is modulated.
The total impedance of the electrode is calculated assuming that a double layer capacitance, C,,, is associated in parallel with the Faradaic impedance and that this double layer capacitance is independent of the electrode potential and the fraction of coverage of the adsorbed species:
The final result is presented in the equivalent circuit of fig. 3 . In this equivalent circuit all elements, except the double layer capacitance, C,,, are potential dependent and can be calculated form the equations given in Appendix A.2. The Faradaic impedance of the electrode consists of a charge transfer resistance, It,. and a parallel combination of resistances RI, R2, a capacitance C,, and an inductance L,,. That part of the equivalent circuit standing in series with the charge transfer resistance represents the electrode impedance due to both Z,, and Z,,.
So this part reflects the additional impedance due to a change of the fraction of coverage of the adsorbed intermediates 0, and 8, when the electrode potential is modulated.
It is very difficult to find a combination of rate constants that result in an inductive loop at cathodic -I Fig.3 Equivalent circuit corresponding to the electrode impedance for the reaction mechanism of eqs (2a-c). fig. 4a . In the minimum of the fraction of coverage o2 versus 4 curve. only the capacitive loop related to the parallel combination of the charge transfer resistance, R,,, and double layer capacitance, C,,, is present, resulting in the impedance diagram of fig. 4~ . Both at equilibrium and during anodic polarisation an increase of o2 is observed with an increase in anodic polarisation.
This resulted in the capacitive loop at IOK frequencies in the impedance diagram as shown in figs 4d and e.
The inductive loop at high anodic overpotential appears when 8, (O,,) starts to decrease. see fig. I . A direct connection cannot be made due to the complexity of the impedance equation (Appendix A.1. eq. A17 A22).
The reaction mechanism proposed is by no means the only mechanism that can explain inductive effects at an electrode.
It 
I. 2.Electrode su face area
A more trivial reason for inductive effects at electrodes is the presence of a polarization dependence of the electrode surface area. Thus far the electrode surface area, A, has been assumed to be constant in time and independent of the polarization. The current at the electrode is given by eq. (8).
If the electrode surface area is, however, potential dependent than the following expression for the electrode impedance is obtained:
The last term describes the fact that it will take a certain amount of time after a change in polarization in order to obtain a new value of the active electrode surface area. Depending on the sign of the (AA/AE) term, an inductive ((AAlAE) > 0) or capacitive ((AAIAE) < 0) effect may result in the impedance diagram.
The above interpretation has been strongly opposed by Epelboin [24] in the case of the electrocrystallisation of metals. Among other objections, the relatively large change in electrode area, which was necessary to explain the experimental results, was never observed.
In the case of solid electrolytes little is known about either the absolute value of the electrode surface area or the exact position of the reaction sites. However, it has been argued by Schouler and The mass transport is assumed to occur either by neutral oxygen molecules or oxygen atoms along the electrode/electrolyte interface. The diffusion of oxygen through the metal phase of the electrode can be neglected [28] . At equilibrium, the fraction of coverage (0) of the adsorbed oxygen species, will be equal to their fraction of coverage outside this interface and no concentration gradient exists. Depending on whether the oxygen adsorbs associatively or dissociatively this results in the following values of the fraction of coverage, assuming a Langmuir adsorption isotherm: The fraction of coverage of the oxygen species between the Au electrode and the yttria stabilized zirconia surface is determined by the following mass balance equation:
where n is the total number of electrons transferred from the electrode to the diffusing oxygen species. In the case of molecular oxygen as diffusing species (associative adsorption), the total number of transferring electrons per reaction step is assumed to be equal to 4, whereas in the case of atomic oxygen (dissociative adsorption), the total number of transferring electrons per reaction step is assumed to be 2. At steady state the fraction of coverage of the diffusing species is independent of time (dUdt=O). Instead of using the coordinate x, the dimensionless coordinate w=x/l is used. The edges of the metal strip are located at w= f 1 and w =0 is the centre of the metal strip. Solutions for the fraction of coverage as a function of the distance w can be obtained from the eqs (24) and (25) when boundary conditions are specified at both w=fl and w=O.
The boundary condition at w=O follows from the symmetry of the strip shaped electrode: =o (26) Various boundary conditions can be considered at w=+l.
Here it is assumed that the fraction of coverage of oxygen species outside the electrode / electrolyte interface (wl-1 and w 2 1) is in equilibrium with the gas phase and given by eq. (23) . Solutions for other boundary conditions, which may result in limiting current behaviour, can be found in the literature [3, 8] .
For both associative and dissociative adsorption the solution of eq. (25) 
W-4
which can be shown to be:
Thus a competition between charge transfer and diffusion of adsorbed oxygen species along the electrode/solid electrolyte interface results in complicated current voltage curves. In the limiting case of small theta (0< < 1) and large value of G eq. (32) reduces to:
This situation occurs when the charge transfer rate is large in comparison with the rate of diffusion in the interfacial region. Although a Butler-Volmer equation with real charge transfer coefficients of ay,=aC= 1 has been postulated for the charge transfer reaction, the competition with mass transport results in different 'apparent' transfer coefficients, i.e. ~,=1.5, (r,=OS as shown in fig. 6 . The competition between mass transport and charge transfer results also in a change of the oxygen partial pressure dependence of the equilibrium exchange current density.
When atomic oxygen diffuses, it changes from IOo: PO2"4 to I,'o:PO,~'~, whereas when molecular oxygen diffuses, it changes from I, a PO2"4 to 1,'~ PO,"'. Fraction of coverage (6') of molecular adsorbed oxygen species for cathodic and for anodic polarisation as function of the dimensionless coiirdinate w (eq. 27). Same parameters as in fig. 6 were used. species at the electrode/solid electrolyte interface art: shown in fig. 7 . This figure shows that the highest fraction of coverage and hence the highest current density occurs at the edges of the metal strips during cathodic polarisation. At anodic overpotentials the fraction of coverage of the adsorbed oxygen species increases in the two phase region at the electrode/solid electrolyte interface due to mass transport limitations. kinetic rate constant width of contact strips diffusion coefficient of oxygen species along the electrode/electrolyte interface the charge transfer resistance A simulation of the electrode impedance. assuming that a double layer capacitance is in parallel with the faradaic impedance (eq. 34), is shown in fig. 8 . The competition between charge transfer and difl'usion results at the equilibrium potential. when the net faradaic current IS zero, III a capacitive loop in the impedance diagram in addition to the capacitive loop related to the charge transfer resistance, Ii,,. in pnraliel to the double layer capacitance, C,,. Comparison of fig.  8 with fig. 4d indicates that it will be dil'ticult to Electrode impedance for a reaction mechanism whith a competition between mass transport and charge transfer in the two phase region between the electrode and the solid electrolyte.
The following parameters of eq. (34) were arbitrarily chosen to illustrate the shape of the impedance diagram: C,,=l~lo-~F, R,,=lxlO' ohm, K= I. I, k,= 1 sec.'. Frequencies indicated in Hz. distinguish the electrode impedance described in this section from the electrode impedance when a pure charge transfer mechanism with adsorbed intermediates is present.
To our knowledge no expressions for the electrode impedance under biased conditions have been published. When a stepwise electron transfer occurs to adsorbed intermediates in the basic charge transfer mechanism then inductive effects remain possible in the electrode impedance, but no exact treatment has been obtained.
Muss transport model
I Steady-state behaviour
If the rate of electron exchange across the electrode/solid electrolyte interface is very fast, so that this interface is always in equilibrium with respect to the electron exchange, then the Nernst equation can be used to relate the overpotential to the deviation of the oxygen activity at the interface from the one in equilibrium:
where:
PO,,,,, = PO,,,,, = As pointed out by (35) Oxygen partial pressure at unpolarized interface, in equilibrium with the gas phase. Oxygen partial pressure at polarized interface.
Bockris and Reddy [23] , care should be taken not to use this equation for interpreting a situation far from equilibrium.
This approximation was followed by Mizusaki r11,121, studying the electrode reaction at the Pt,O,(g)/YSZ interface. A model was proposed, following the reaction model of Verkerk [3, 10] , in which the rate was controlled by surface diffusion of oxygen atoms on the Pt electrode towards the three phase boundary.
A schematic drawing of the reaction path is shown in fig. 9 . At a distance x=6 from the Pt/YSZ interface, the oxygen activity at the Pt electrode was assumed to be in equilibrium with that in the gas phase. At the electrode a mean current density of the following form is obtained: 
Electrode impedunce
The analysis of the electrode impedance when mass 
If the electrode potential is modulated in a sinusoidal manner with an excitation voltage AqexpCjwt), this results in a modulation of the current, AI,expCjot) and the fraction of coverage of the adsorbed oxygen species. AOexp(jwt). The amplitude of the current modulation is obtained from a first order Taylor expansion limited to first order terms of eq. (37), which results in:
The fraction of coverage of the adsorbed oxygen species is determined by the following mass balance equation:
(3%
The modulation of the fraction of coverage of the adsorbed oxygen species is once again given by eq. (18) . Substitution of eq. (18) in eq. (39) results after eliminating the exp(jwt) terms in: iZt a distance x=6 from the three phase boundary it i\ assumed that the fraction of coverage of the adsorbed oxygen species is constant:
With this boundary condition the solution of the second order differential eq. (40) is:
where hl is an integration constant. presented by a resistance in parallel with a pseudo capacitance. In this case the diffusion is limited by the width of the diffusion layer.
When the impedance diagrams of figs 4, 8 and 11 are compared to each other than it can be concluded that it is easy to distinguish this diffusional behaviour from the charge transfer processes discussed in the sections 2.2 and 2.3.
Conclusions APPENDIX
Original results are obtained for the electrode impedance when charge transfer at the Au,O,(g)/yttria stabilized zirconia interface is rate determining.
The most important result of this analysis is that when a stepwise electron transfer occurs to adsorbed intermediates inductive effects can be predicted in the impedance diagram.
The inductive effects can be simulated at cathodic and anodic overpotentials.
The inductive effect at cathodic overpotentials is related to an increase of the fraction of coverage of one of the adsorbed oxygen species when the cathodic overpotential becomes more negative.
When a competition exists between charge transfer and mass transport along the electrode/solid electrolyte interface, apparent Tafel behaviour can be observed. This model has been worked out for both associative and dissociative adsorption of oxygen. A rectangular electrode geometry was chosen for the mass transport problem. When the charge transfer process is described by a Bulter-Volmer equation with real charge transfer coefficients of (~,=a,= 1 this results in a currentoverpotential curve with apparent charge transfer coefficients of CY,=OS and c~,=lS.
An important change occurs in the oxygen partial pressure dependence of the equilibrium exchange current density. For the charge transfer process the equilibrium exchange current density is proportional to the oxygen partial pressure as I, 0: Po2"4 which changes into &ocP02"* when a competition occurs with mass transport along the electrode/solid electrolyte interface.
When a stepwise electron transfer occurs in the basic charge transfer mechanism inductive effects in the electrode impedance remain possible but no explicit results have been obtained. The only available treatment of the electrode impedance for a charge transfer process in competition with mass transport revealed a capacitive loop in the impedance diagram under equilibrium conditions. When mass transport is rate determining limiting currents are predicted. Such a model does not result in inductive effects in the electrode impedance diagram but results in a Warburg diffusion element.
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A.1.
Gene& relations
between reaction model parameters and real charge transfer coeflcients. The total number of electrons (n) transfered to molecular oxygen is n=4. The number of electrons transfered in the rate determining step is r. The number of times that the rate determining step takes place in order to transfer all n electrons to oxygen is Y.
The total number of electrons that is transfered before or after the rate determining step is yb and y., respectively.
Making a local equilibrium approach for all steps except the rate determining step, than the following relations hold [23] : 
In eqs (A6) and (A7) it is assumed that the fraction of coverage of the adsorbed oxygen species is small.
When all partial derivatives are abbreviated as follows: than the following Faradaic impedance:
expression is obtained for the
